To well predict the favored composition for metallic glass formation in a Ca-Mg-Cu system, a realistic interatomic potential was first constructed for the system and then applied to Monte Carlo simulations. The simulation not only predicts a hexagonal composition region for metallic glass formation, but also provides a favored sub-region within which the amorphization driving force is larger than that outside. The simulations show that the physical origin of glass formation is the solid solution collapsing when the solute atom exceeds the critical solid solubility. Further structural analysis indicates that the 1551 bond pairs (icosahedral-like) dominate in the favored sub-region. The large atomic size difference between Ca, Mg, and Cu extends the short-range landscape, and a microscopic image of the medium-range packing can be described as an extended network of pentagonal bipyramids entangled with four-fold and six-fold disclinations, together fulfilling the space of the metallic glasses. The predictions are well supported by the experimental observations reported to date and can provide guidance for the design of ternary glasses.
I. Introduction
Bulk metallic glasses (BMGs) have attracted extensive attention since their rst discovery. [1] [2] [3] BMGs possess various unique properties such as high yield strength, hardness, corrosion resistance, and elastic strain limit, [4] [5] [6] [7] which make the BMGs a promising material for a wide range of applications. Although BMGs have been investigated for several decades, some basic issues, for example the prediction of the glass forming range (GFR) and glass forming ability (GFA), have not been satisfyingly claried. Previous criteria of characterizing the GFR and GFA include the deep eutectic, 8 size difference, 9 structural difference 10 rules, and others. [11] [12] [13] These rules belong to the empirical/ semi-empirical rules, and the predictions are not satisfactory enough. Thus, it is necessary to propose a starting base to predict the glass formation, which reects the internal characteristics of the system. As has been reported, 10 the GFA can be considered as intrinsic characteristics of a given system and should be governed by internal atomic interactions, which can be described by its interatomic potential. Therefore, it is feasible to take the interatomic potential as the basis to clarify the underlying physics of glass formation and predict the favored glass formation compositions for a given system. Previous research has indicated that Ca-Mg-based [14] [15] [16] glasses have properties, such as very low Young's and shear moduli, 17 low density, 18 and strong relaxation dynamics of the super-cooled liquid, 19 that distinguish them from transition-metal-based bulk metallic glasses. It has been reported that ternary Ca-Mg-Cu systems have a good GFA with the maximum diameters of up to 9 mm and 10 mm obtained in Ca 50 Mg 25 Cu 25 and Ca 50 Mg 22.5 Cu 27.5 , respectively. 15 Moreover, the large difference in the distribution of their atomic radii (Ca (1.9Å), Mg (1.6Å), and Cu (1.25Å)) makes the separation of the partial distribution functions relatively easy and unambiguous. Thus, this triggered our interest to carry out a comprehensive investigation on glass formation in the Ca-Mg-Cu system based on an atomistic approach.
II. Ca-Mg-Cu interatomic potential
The interatomic potential is of critical importance to atomistic simulations 10 since it intrinsically governs and reasonably describes the various physical and chemical properties of a specic system. In this study, the atomic potential of the Ca-Mg-Cu system was constructed under the framework of long-range second-moment-approximation of tight-binding (TB-SMA), 20, 21 which can be written as follows:
where E i is the total potential energy of atom i, 4 and j are the pair and density items, respectively, and r ij is the distance between the atom i and j. p 1 , A 1 , r m1 , A 1m , r c1 , p 1m , p 2 , A 2 , r m2 , A 2m , r c2 , and p 2m are the potential parameters to be determined, and n 1 and n 2 are set as 4 and 5, respectively. More details of the relevant parameters can be found in the literature. 20 Based on this formula, it can be deduced that the pair item and density items, as well as their rst derivatives, smoothly approach zero at the cut-off distance; this avoids some non-physical behaviors.
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In the Ca-Mg-Cu system, six sets of potential parameters, i.e., Ca-Ca, Mg-Mg, Cu-Cu, Ca-Mg, Ca-Cu, and Mg-Cu, should be tted. These potential parameters are tted to the referenced physical properties of the elements or compounds. Specically, the parameters of Ca-Ca, Mg-Mg, and Cu-Cu are determined by tting them to the physical properties, such as lattice constant, cohesive energy, elastic constant, and bulk modulus, of Ca, Mg, and Cu. The parameters of the Ca-Mg, Ca-Cu, and Mg-Cu cross potentials are determined by tting them to the properties of the stable or virtual intermetallic compounds in each binary system. In the tting, ab initio calculations using the Cambridge Serial Total Energy Package (CASTEP) 23 were applied to calculate the relevant properties of the compounds. The six tted potential parameters of the system are listed in Table 1 . Tables 2 and 3 provide the cohesion energies, elastic constants, and bulk moduli of Ca, Mg, and Cu and their compounds obtained by tting experiments or ab initio calculations. 24, 25 It is clearly seen that the physical properties reproduced by the parameters, experimental results, or ab initio calculations are all in good accordance; this indicates that the constructed Ca-Mg-Cu interatomic potential can describe the energetic and structural characteristics in the system. Moreover, we have compared the equation of state (EOS) derived from the potential with the Rose equation
26 to determine whether the potential can describe the atomic interactions under the non-equilibrium state. Fig. 1 shows the pair terms, n-body parts, and total energies reproduced from the potential together with the corresponding Rose equations for Ca, Mg, Cu, Ca 2 Mg, CaCu 3 , and Mg 2 Cu. It can be seen that they are all continuous and smooth over the entire range. Moreover, the EOSs derived from the proposed potential agree well with the corresponding Rose equations. This suggests that the constructed Ca-Mg-Cu potential can be applied to describe the atomic interactions even if the system is far from the equilibrium state.
III. Simulation models and characterization methods
As is reported, 10,27-29 the process of glass production is always non-equilibrium such that kinetic conditions are always limited and complicated intermetallic compounds are not able to nucleate and grow. Hence, the competing phase against the metallic glass is commonly a solid solution of a simple structure. Consequently, the information related to the glass formation can be obtained by comparing the relative stability of the solid solution with that of its amorphous counterpart. Solid solution models are employed to compare the relative stability of the solid solution and its amorphous counterpart in this study. Then, the relevant Monte Carlo simulations 30 were performed as follows. Because the stable crystalline structures of Ca, Mg, and Cu are fcc, hcp, and fcc, respectively, two types of solid solution models, i.e. the hcp and fcc solid solution models, were established in the present study. For the fcc models, the [100], [010] , and [001] crystalline directions are parallel to the x, y, and z axes, respectively, whereas for the hcp model, the [100], [001], and [120] crystalline directions are parallel to the x, y, and z axes, respectively. Periodic boundary conditions were applied in the three Cartesian directions. The fcc and hcp solid solution models consist of 2916 (9 Â 9 Â 9 Â 4) atoms and 2912 (13 Â 8 Â 7 Â 4) atoms, respectively. For a solid solution of Ca x Mg y Cu 1ÀxÀy , the value of x and y varied with a composition interval of 5% to cover the range from 0 to 100%; thus, a thorough investigation on the entire compositional phase-space was carried out. While constructing the solid solution models, the solvent atoms were randomly substituted by a certain number of solute atoms to obtain the desired composition. The initial solid solutions were annealed at zero pressure and 300 K in an isothermalisobaric ensemble.
Glass formation region for the Ca-Mg-Cu system
Aer sufficient simulation time, the initially constructed solid solution models either retain the initial crystalline state or collapse into a disordered state. Taking the Mg 20 Cu 80 and Ca 40 Mg 25 Cu 35 alloys as examples, Fig. 2 shows the total paircorrelation functions g(r) and atomic position projections of the two alloys. In Fig. 2(a) , the g(r) curve of Mg 20 Cu 80 shows crystalline peaks, and in Fig. 2(c) , the atoms are regularly arranged; this suggests a long-range ordered state. For Ca 40 Mg 25 Cu 35 , as seen in Fig. 2(b) , all the peaks beyond the second peak disappeared, exhibiting a feature of long range disorder and short-range order. This also corresponds to the result shown in Fig. 2(d) indicating that the crystalline lattice has collapsed into an amorphous state.
According to the g(r) and atomic position projections, we performed the simulations over the entire Ca-Mg-Cu composition, and the result is shown in Fig. 3 . The composition triangle was divided into four regions by three critical solubility lines. When an alloy composition locates beyond the lines AB, CD, EF, and moving towards one of the three corners, the crystalline structure remains stable and its formation is favored. These regions are, therefore, classied as crystalline regions. When the composition falls into the central hexagonal region enclosed by ABCDEF, the crystalline structure becomes unstable and spontaneously collapses into a disordered state. This hexagonal region is thus dened as the GFR. To validate the predicted GFR for the Ca-Mg-Cu system, experimental data was extensively obtained, as shown in Fig. 3 with the red dots. 15, [31] [32] [33] [34] [35] [36] It can be clearly seen that these experimental results mostly fall within the predicted hexagonal region; this suggests that our simulation scheme is quite reasonable for the Ca-Mg-Cu system.
Composition optimization for glass formation
While seeking a reliable indicator to reect the glass forming ability for a given system, amorphization driving force (ADF) for glass formation was revealed to be a promising criterion. To depict the amorphous driving force, the energy differences between the amorphous phase and solid solutions of each Ca x Mg y Cu 1ÀxÀy , DE am , were calculated as follows:
where E am is the energy per atom of the Ca x Mg y Cu 1ÀxÀy amorphous phase and E Ca , E Mg , and E Cu are the lattice energies of Ca, Mg, and Cu, respectively. Based on the calculation results, the contour map of the ADF within the GFR was plotted, as shown in Fig. 4 . It can be seen that the compositions in the sub-region marked by the red dots promote a prominently larger ADF than those in the other regions; this suggests that the alloys in that sub-region more readily form metallic glasses and thus have a relatively larger GFA. Moreover, the results are well consistent with the experimental observations indicating that the better glass formers Ca 50 Mg 25 Cu 25 and Ca 50 Mg 22.5 Cu 27.5 have the maximum diameters of up to 9 mm and 10 mm, 15 respectively, whereas in other compositions with a lower ADF, such as Ca 27.3 Mg 18.2 Cu 54.5 , the maximum diameter is around 1 mm. 35 Thus, the relevance of the optimal compositions of the Ca-Mg-Cu system as well as the validity of the constructed interatomic potential have been further conrmed.
IV. Characterization of the short-to medium-range order
Generally, glass formation as well as the properties of the resultant metallic glasses are closely related to the atomic-level structure, or specically, to the short and medium-range orders in the metallic glasses. 37, 38 In this section, we have elucidated the structural characteristics of the Ca 50 Mg 25 Cu 25 metallic glass in the favored sub-region to shed light on its structural origin, particularly the modulation from the short-to medium-range order. The short-range order (SRO) is analyzed as a preliminary step using the Voronoi tessellation method, [39] [40] [41] which is widely used to characterize the local environments in the amorphous phase. While counting the coordination number (CN), the small cell faces smaller than 5% of the average face area of the Voronoi polyhedra were neglected. Moreover, to quantify the local structures of the metallic glasses, the SRO was also analyzed using the Honeycutt-Andersen (H-A) pair analysis, 42 which was based on the result of the Voronoi tessellation method. Fig. 5 shows the spectrum of the CN around the Ca, Mg, and Cu atoms in Ca 50 Mg 25 Cu 25 . It can be seen that the CNs are welldistributed over a quite wide range, with the most frequent CN ¼ 9 and 10 for the Cu-centered clusters, CN ¼ 12 and 13 for the Mg-centered clusters, and CN ¼ 14 and 15 for the Cacentered clusters. The observed correlation can be understood in terms of the atomic size difference. The Goldschmidt atomic radii of Ca, Mg, and Cu are 1.97, 1.60, and 1.25Å, respectively.
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The relatively larger atomic size of Ca permits more atoms in the nearest-neighboring shells and leads to a larger CN, followed by that for Mg and then Cu. The dense clustering of small-sized and large-sized clusters would lead to the efficient lling of space and enhancement in stability.
Moreover, the results of the H-A pair analysis on the local structures in the Ca 50 Mg 25 Cu 25 metallic glass are shown in Fig. 6 . The 1551 index, which is considered as a characteristic of icosahedral ordering, the 1441 and 1661 indices, representative of the bcc ordering, the 1541 and 1431 indices, characteristic of distorted icosahedral ordering, and the 1421 and 1422 indices, representative of fcc ordering and hcp ordering, respectively, are presented. It is clearly seen that the local congurations in Ca 50 Mg 25 Cu 25 are dominated by the 1551 bond pairs; this indicates that motivated by the polytetrahedral packing principle, 41 the ve-fold bonds and triangulated faces are indeed favored in the metallic glasses. Moreover, the local ve-fold symmetry is essentially incompatible with the global crystallographic symmetry and thus can frustrate crystallization and consolidate the stability of the glassy alloy. Moreover, the distorted ve-fold bond pairs with the indices of 1541 and 1431 also cover a large fraction of $28%; this indicates that the geometrical construction of Ca 50 Mg 25 Cu 25 is distorted to some extent while accommodating multiple types of constituent atoms with diverse atomic sizes and chemical interactions. Moreover, a large number of crystalline-like bond pairs, especially bcc-like bond pairs, with the indices of 1661 and 1441 are also found in the local structure of the Ca 50 Mg 25 Cu 25 metallic glass; this suggests a local order more complex than the icosahedral-like alone. These four-fold and six-fold bipyramids can be considered to be rotational defects, i.e., disclinations, 43 in metallic glasses, which are analogous to translational defects, i.e., dislocations, in conventional crystals. 44 In addition, the fcc-or hcp-like bond pairs with the indices of 1421 and 1422 cover a relatively minor fraction. This phenomenon can be driven by the tendency of the systems to minimize energy since the fcc or hcp arrangements are shown to have smaller binding energies than that of the icosahedral order. 45 Thus, it is indicated that the local structure in Ca 50 Mg 25 Cu 25 embodies characters of both icosahedral-and bcc-like congurations.
Based on the abovementioned analyses, we proceeded to interpret the characteristics in the medium-range order. Since the 1551 bond pairs, i.e., pentagonal bipyramids, are the dominant SRO motifs in Ca 50 Mg 25 Cu 25 , their connection mode and the resultant packing in space stands out as a plausible interpretation of MRO. To illustrate the network formed among these local clusters, a typical patch was extracted from the glassy matrix of Ca 50 Mg 25 Cu 25 , as exhibited in Fig. 7 . To illustrate the clustering of the local ve-fold SRO motifs, only the 1551 bond pairs and associated pentagonal rings are displayed. It can be seen that string-like chains and networks are formed by the pentagonal bipyramids, which serve as the skeleton or backbone of the amorphous structure. Since the local ve-fold symmetry renders the local environments incompatible for the formation of more crystalline-like symmetry, mutual interconnection among the ve-fold motif will be encouraged, exhibiting some sense of cooperativity. 46 The extension of ve-fold symmetry from the short-range to the medium-range and beyond appears to be a striking feature in many categories of metallic glasses, 47, 48 and this cooperativity further facilitates the consolidation of the stability of metallic glasses.
To characterize the aggregation feature of the ve-fold motif in Ca 50 Mg 25 Cu 25 , the number of 1551 pairs in which each specic atom participates was statistically analyzed, as presented in the inset of Fig. 6(b) . Most atoms in Ca 50 Mg 25 Cu 25 participate in the formation of two to eight 1551 bond pairs, with an average of $4.98. Moreover, it is worth noting that only a small fraction, $1.68%, of the atoms have twelve 1551 bond pairs around them, i.e., exactly forming the icosahedra. 49 This is in contradiction to the long-held understanding that the ve-fold pairs are a direct indication of icosahedral ordering. Similar to the Ca-Mg-Zn BMGS, 40 the Ca-Mg-Cu metallic glasses also proved that the system contained a very low fraction of icosahedra despite the observation that ve-coordinated vertices dominated in all clusters.
50 By denition, in the H-A analysis, the individual bond pairs are considered to be basic structural motifs, whereas analysis of the coordination clusters, such as Voronoi tessellation analysis, actually considers all the bond pairs in which a center atom is involved and offers a more complete description of the geometrical construction. Accordingly, it can be speculated that even with a given set of bond pairs, their combination mode, which can be reected by the distribution of the coordination clusters, can vary signicantly. In the present study, although icosahedra are not the predominant clusters in Ca 50 Mg 25 Cu 25 , fragmented pentagonal bipyramids are still populated in the glassy matrix, just not exactly aggregating into the icosahedra. Due to the non-space lling nature of the ve-fold symmetry, the disclination lines formed by the 1441 and 1661 bond pairs were dissolved in the extended network of the pentagonal bipyramids to occupy the voids and relieve the packing frustration. Therefore, a microscopic picture of the medium-range packing in Ca-Mg-Cu metallic glasses can be described as an extended network of pentagonal bipyramids entangled with four-fold and six-fold disclinations.
V. Conclusion
In conclusion, the glass formation range and ability of ternary Ca-Mg-Cu metallic glass are obtained via the atomistic approach. A realistic interatomic potential was rst constructed for the Ca-Mg-Cu system based on the TB-SMA and then applied to Monte Carlo simulations to predict the favored composition for metallic glass formation. The simulation not only predicted a hexagonal composition region, within which Ca-Mg-Cu metallic glass formation was energetically favored, but also pinpointed the favored sub-region within which the amorphization driving force was larger than that outside. The GFA has a positive correlation with the critical size of the obtainable metallic glasses, which supports the prediction scheme and the relevance of our constructed potential. Further structural analysis indicates that the 1551 bond pairs (icosahedral-like) dominate in the Ca 50 Mg 25 Cu 25 metallic glass within the favored sub-region, which frustrate crystallization and consolidate the stability of the glassy phase. The large atomic size difference between Ca, Mg, and Cu extends the short-range landscape, and a microscopic picture of the medium-range packing can be described as an extended network of pentagonal bipyramids entangled with four-fold and six-fold disclinations, which together fulll the space of the metallic glasses. The predictions are well supported by the experimental observations reported to date and can provide guidance for the design of ternary glasses. This journal is © The Royal Society of Chemistry 2017
